Adsorption behavior of bovine serum albumin (BSA) and osteopontin (OPN) on osteoconductive hydroxyapatite (HA) and non-osteoconductive alpha-type alumina (-Al 2 O 3 ) was studied as function of protein concentration and pH, using Bradford dye binding assay. BSA showed a much larger binding capacity on -Al 2 O 3 than that on HA irrespective of BSA solution concentration and pH. Furthermore, OPN is likely to show the same adsorption characteristic as BSA. Definite correlation was not observed between the albumin or OPN adsorption capacity and the osteoconductivity of materials, suggesting that other factors (e.g., orientation, arrangement, etc. of albumin and/or OPN) likely govern expression of the osteoconductivity.
INTRODUCTION
It is well known that osteoconductivity is the ability of biomaterials to conduct bone formation and to form a chemical bond to bone. The osteoconductive mechanism was considered to progress in six stages: (1) serum protein adsorption, (2) cell recruitment, (3) cell attachment and proliferation, (4) cell differentiation and activation (5) matrix calcification, and finally (6) bone remodeling. 1, 2 Therefore, immediately after implantation of biomaterials, the biomaterials are coated by an adsorbed layer of protein in blood and tissue fluids, and the subsequent cellular response are dependent on the proteins adsorbed by the implant surfaces, especially at early interaction times. 3, 4 However, a detailed mechanism of the osteoconductive has not yet been clarified completely.
Hydroxyapatite (HA, Ca 10 (PO 4 ) 6 (OH) 2 )-based biomaterials are widely used in bone and dental tissue engineering due to their outstanding properties including biocompatibility, bioactivity, and osteoconductivity. 5, 6 HA has two crystal faces: the a-face and the c-face. The a-face has positively charged sites, composed of two screw-axis calcium (Ca 2+ ) ions, in contrast the c-face has negatively charged sites, and connected to the oxygen ions belonging to the three phosphate groups (PO 4 3-). 7, 8 Albumin is the most abundant protein in the circulatory system, 9 and possesses a high content of charged amino acids such as aspartic and glutamic acids, lysine, and arginine. 10 Aspartic and glutamic acids can be charged negatively by the deprotonation of COOH groups whereas lysine and arginine are able to carry a positive charge by protonation of NH 2 and guanidino groups, respectively. 11 Therefore, the great affinity of albumin to HA could be explained by the presence of charged residues that can bind to Ca 2+ and PO 4 3sites on HA surface. 12 Furthermore, albumin is commonly applied for blocking the adsorption of other proteins and to prevent the nonspecific adhesion of cells to diverse artificial substrata, 13, 14 but previous studies suggested that heat denatured bovine serum albumin (BSA) influences the adhesion and proliferation of osteoblast cells to HA. 15, 16 Incidentally, it is generally assumed that the structure and functions of BSA are very similar to those of human serum albumin (HSA) because 76% of the sequence of BSA is identical to that of HSA. 17 On the other hand, osteopontin (OPN) is often found to be rich at bone-implant interface, 1, 18 and contains one sequence of contiguous aspartic acid residues and an arginine-glycine-aspartic acid (RGD) motif. 19 OPN binds to HA via the region consisting of nine consecutive aspartic acid residues. The RGD motif mediates cell binding with a number of transmembrane integrin pairs through direct interaction. 20 Therefore, it has been inferred that OPN mediates the initial recognition of osteoclasts and osteoblasts, subsequent attachment of these cells onto the bone surfaces, and their functions including bone resorption and osteogenesis. [21] [22] [23] [24] [25] On the basis of the above findings, it is suggested that albumin and OPN may play an important role on the expression of osteoconductivity. However, to our knowledge, few works have been done to clarify the differences in the adsorption behaviors of albumin and OPN on osteoconductive and non-osteoconductive materials. Therefore, in this study, we attempted to investigate the adsorption behaviors of albumin and OPN on osteoconductive HA in comparison with that on non-osteoconductive alpha-type alumina (-Al 2 O 3 ). 6 
MATERIALS AND METHODS

1) Materials characterization
Commercially available HA powder (HAP-200, Taihei Chemical Industrial Co. Ltd., Osaka, Japan) and -Al 2 O 3 powder (Kojundo Chemical Lab. Co. Ltd., Saitama, Japan) were used in this study. The crystalline phase was examined with a powder X-ray diffractometer (XRD; RINT-2200VL, Rigaku Co. Ltd., Tokyo, Japan) using the following settings: X-ray source, Ni-filtered CuKα radiation; X-ray power, 40 kV, 40 mA; scanning rate, 2θ = 2°/min; and sampling angle, 0.02°. The size and shape of the particles were observed using a scanning electron microscope (SEM; VE-8800, Keyence, Tokyo, Japan). Specific surface area (SSA) was determined by nitrogen absorption using BET technique (Autosorb-iQ, Quantachrome Instruments, Florida, USA). 26 The zeta-potentials of samples and BSA in saline with pH ranged from 4.0 to 7.4 were measured using laser electrophoresis spectroscopy (ELS-Z, Otsuka Electronics Co. Ltd., Osaka, Japan. and Zetasizer Nano ZS90, Malvern Instruments Ltd., Worcestershire, UK). The pH was controlled by titration of 10 mM NaOH or HCl.
2) BSA adsorption measurements
For each experimental adsorption measurement, commercially available BSA (Jackson Immuno Research Laboratories, Inc., West Grove, USA) was dissolved in saline. Tubes containing 18 mg of HA and 100 mg of -Al 2 O 3 were incubated with 1.2 ml and 5 ml of BSA solution respectively, and rotated at 20 rpm at 36.5°C. The mixture was centrifuged for 5 min at 6000 rpm, and then the protein concentration of the supernate was determined using the Bradford dye binding assay. 27 A control test was set up with BSA in tube at the given BSA concentration without adding HA or -Al 2 O 3 to determine the protein losses in the system, and revealed that these values had variation within 10%.
3) OPN adsorption measurements
This experiment was conducted as a preliminary experiment owing to the limited amount of OPN available in this study. The OPN adsorption assay was similar to the BSA adsorption test, with some exceptions. In this assay, commercially available OPN (Recombinant Human Osteopontin, R&D Systems, Inc., Minneapolis, USA) was dissolved in saline with pH 7.4. Tubes containing 1.8 mg of HA, and 10 mg of -Al 2 O 3 were incubated with 0.2 ml and 0.7 ml of OPN solution respectively, and rotated at 20 rpm at 36.5°C for 1 h. Subsequent processes were performed like the previously described method. The equilibrium isotherms for the adsorption of proteins are often described by means of the Langmuir equation, 29, 30 as follows:
RESULTS AND DISCUSSION
where C is the equilibrium concentration of the adsorbate, q is the amount of adsorbate adsorbed, K is the equilibrium constant and q 0 is the saturation capacity. This equation was transformed into the following equation:
The adsorption data were plotted in the form of C/q versus C, as shown in FIGURE 5 . The square of the correlation coefficients (R 2 ) values indicate that the experimental isotherms data of -Al 2 O 3 favorably correlated by the Langmuir model. FIGURE 6 shows adsorption characteristics of BSA on HA and -Al 2 O 3 at different pHs. The pH was controlled by titration of 10 mM NaOH or HCl. In the measurement, the fixed BSA solution concentration was 1.0 mg/ml. The amount of BSA adsorption on HA slightly decreased with increasing pH. On the other hand, the amount of BSA adsorption on -Al 2 O 3 at pH 4.0 was smaller than those at pHs of 5.5 and 7.4. From the above results, BSA showed a much larger binding capacity on -Al 2 O 3 than that on HA (FIGURE 4 ). Furthermore, this tendency was also observed under different initial pHs (FIGURE 6) . This difference could be attributed to the different characteristics of HA and -Al 2 O 3 in TABLE 1. BSA is a well-characterized protein with the molecular weight of 69 kDa, dimensions of 4 nm × 4 nm× 14 nm 31 , and its isoelectric point is about 4.6 in saline, 32 which was almost coincided with that of BSA used in this study (TABLE 1) . Therefore, at between about pH 4.6 and 7.4, electrostatic attraction might play an important role on accelerating the adsorption of negatively charged BSA on positively charged -Al 2 O 3 surface. In contrast, when pH is below 4.6, both BSA and -Al 2 O 3 are positively charged and cause the electrostatic repulsion. On the other hand, adsorption of BSA on HA could be due to ionic interaction between amino acids residues with COOgroups in BSA and the Ca 2+ sites on the surface of HA. In solution with high pH around 7.4, the a-face is captured with OHions and as a result, the amount of BSA adsorption is decreased, whereas, the decrease of OHions (at low pH around 4.0) causes an increment in the BSA adsorption.
Human OPN is composed of 314 amino acids with a predicted molecular weight of 32.9 kDa, and negatively charged at resulting from the preponderance of acidic amino acids and the multiple serine phosphorylations. [33] [34] [35] Therefore, adsorption mechanism of OPN on HA and -Al 2 O 3 could be similar to that of BSA on HA and -Al 2 O 3 . FIGURE  7 shows the binding capacity of OPN on HA and -Al 2 O 3 . In the measurement, the fixed OPN solution concentration and initial pH were 50 g/ml and 7.4, respectively. It was found from FIGURE 7 that not only BSA but also OPN shows a much larger binding capacity on -Al 2 O 3 than that on HA, although the OPN concentration of the supernate in the adsorption measurement for HA was almost zero, suggesting that more amount of OPN might adsorb on HA and hence further work is still needed. In conclusion, from the results in the present study, correlation was not observed between the albumin or OPN adsorption capacity and the osteoconductivity of materials. It is assumed that not the adsorbed amount but the orientation, arrangement, etc. of albumin or OPN might affects the expression of the osteoconductivity of materials. In order to clarify this hypothesis, further study is in progress to investigate the detailed adsorption behaviors of OPN on HA and -Al 2 O 3 , and to compare osteoblast adsorption ability on BSA-coated HA and -Al 2 O 3 .
CONCLUSIONS
We examined BSA and OPN adsorption behavior on HA and -Al 2 O 3 . Non-osteoconductive -Al 2 O 3 showed a much larger BSA adsorption capacity than that of osteoconductive HA. This suggests that other factors (e.g., orientation, arrangement, etc. of albumin and/or OPN) likely govern expression of osteoconductivity.
